Introduction
The secreted phospholipase A 2 (sPLA 2 ) family of enzymes has been implicated in inflammatory disorders, including asthma. We focused on sPLA 2 group X (sPLA 2 -X) because we found that the sPLA 2 -X protein is elevated in the airways of subjects with asthma (1, 2) and is prominently expressed in airway epithelial cells and macrophages (1) (2) (3) . Of the 10 mammalian sPLA 2 enzymes, sPLA 2 -X has a uniquely high affinity for phosphatidylcholine, the most abundant phospholipid in mammalian cells (4) . As sPLA 2 s hydrolyze membrane-bound phospholipids at the sn2 position, releasing free fatty acids including arachidonic acid (AA) and lysophospholipids (5) , this step serves as the rate-limiting step in the formation of cyclooxygenase (COX) and 5-lipoxygenase (5-LOX) derived prostaglandins and leukotrienes (LT). For example, we previously demonstrated that sPLA 2 -X serves as a key regulator of cysteinyl LT (CysLT) formation by human eosinophils (6, 7) . Additionally, sPLA 2 -X may also act independently of its enzymatic activity as a high-affinity ligand for the phospholipase A2 receptor, PLA2R1, a c-type lectin receptor expressed on human lung macrophages (8) and airway epithelial cells (9) . In a T cell-dependent model of OVA sensitization in the presence of the exogenous adjuvant alum, mice lacking the sPLA 2 -X gene (Pla2g10) had less eosinophilic airway inflammation and reduced airway hyperresponsiveness (AHR), but the effects on T cell activation and allergen-specific IgE were less certain (10) . Thus, sPLA 2 -X may be a central regulator of type-2 immune responses, but the function of this enzyme in a model replicating many of the features of human asthma remains uncertain.
Proteolytic allergens such as house dust mite (HDM) have endogenous components that serve as adjuvants (11, 12) , and in such airway sensitization models, there is less dependence on T cells and greater dependence upon epithelial and innate immune mechanisms (13, 14) . In particular, the production of epithelial-derived cytokines, including IL-33, has a central role in the response to inhaled allergen by rapidly activating innate immune cells, including type-2 innate lymphoid cells (ILC2s), mast cells, and macrophages. ILC2s and macrophages play a prominent role in animal models of allergic airway disease and are Phospholipase A 2 (PLA 2 ) enzymes regulate the formation of eicosanoids and lysophospholipids that contribute to allergic airway inflammation. Secreted PLA 2 group X (sPLA 2 -X) was recently found to be increased in the airways of asthmatics and is highly expressed in airway epithelial cells and macrophages. In the current study, we show that allergen exposure increases sPLA 2 -X in humans and in mice, and that global deletion of Pla2g10 results in a marked reduction in airway hyperresponsiveness (AHR), eosinophil and T cell trafficking to the airways, airway occlusion, generation of type-2 cytokines by antigen-stimulated leukocytes, and antigen-specific immunoglobulins. Further, we found that Pla2g10 -/-mice had reduced IL-33 levels in BALF, fewer type-2 innate lymphoid cells (ILC2s) in the lung, less IL-33-induced IL-13 expression in mast cells, and a marked reduction in both the number of newly recruited macrophages and the M2 polarization of these macrophages in the lung. These results indicate that sPLA 2 -X serves as a central regulator of both innate and adaptive immune response to proteolytic allergen.
critical to the development of a type-2 immune response (15) (16) (17) (18) (19) (20) . Thus far, there has been little evidence implicating sPLA 2 -X as a regulator of these responses; however, a recent paper examining the effect of bee venom PLA 2 (bvPLA 2 ) in the periphery demonstrated that bvPLA 2 induces the release of IL-33, leading to the generation of ILC2s and subsequent antigen-specific T cell responses (21) .
Given the clear evidence implicating sPLA 2 -X in human asthma and the importance of proteolytic allergens in asthma (22) , we examined the function of sPLA 2 -X in a model of airway sensitization and challenge with HDM utilizing mice globally lacking the Pla2g10 gene. We examined both the innate and adaptive immune response to allergen, including innate immune cell populations, such as ILC2s; recruited macrophages and mast cells; and the polarization of lung and airway macrophages. We also examined alterations in ex vivo antigen-induced changes in type-2 cytokines by lung leukocyte populations and assayed allergen-specific IgG and IgE. To further extend these findings to humans, we assessed the levels of sPLA 2 -X in airway samples following whole lung allergen challenge and examined the activation of monocyte-derived human macrophages by recombinant sPLA 2 -X. Our findings indicate that sPLA 2 -X plays a central role in coordinating innate and adaptive immune responses to an inhaled allergen.
Results
Inhaled proteolytic allergen increases sPLA 2 -X levels in human and mouse airways. A potential role of sPLA 2 -X in human asthma has been identified based on increased levels of the protein in airway fluid and the relationship between the levels of this protein and AHR (1-3). Here, we extend these findings to allergen-induced changes in the levels of this protein in the airways in a group of subjects who underwent inhaled allergen challenge to proteolytic allergens, predominantly HDM (Table 1) . Airway exposure to allergen resulted in a time-dependent increase in sPLA 2 -X protein in induced sputum starting at 7 hours and continuing up to 24 hours ( Figure 1A) . Similarly, in our mouse model of allergic airway disease using the proteolytic allergen HDM, allergen sensitization and challenge increased Pla2g10 message in lung tissue and sPLA 2 -X protein in bronchoalveolar lavage fluid (BALF) in WT mice ( Figure 1 , B and C; see complete unedited blots in the supplemental material). Levels of Pla2g10 message were undetectable in mice lacking Pla2g10 (Figure 1B) . Immunostaining for sPLA 2 -X protein in HDM-exposed animals revealed immunostaining in the airway epithelium and macrophages with characteristics of monocyte-derived macrophages and resident alveolar macrophages (Supplemental Figure 1 , A and B; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.94929DS1). Further, quantitative analyses of sPLA 2 -X protein in lysates of tissues known to express abundant sPLA 2 -X protein confirmed that our Pla2g10-deficient mice are also deficient in the sPLA 2 -X protein (Supplemental Figure 1, C and D) .
Pla2g10 -/-mice are protected from developing allergic airway disease. To investigate the impact of Pla2g10 gene deletion on the development of airway dysfunction in response to inhaled allergen, we administered HDM in the absence of adjuvant with a single sensitizing dose in the airways, followed by daily allergen challenge for the subsequent 2 weeks to WT and Pla2g10 -/-mice ( Figure 2A) ; then, we assessed HDM-induced AHR and inflammatory cell influx into the airways. Inhaled HDM led to a cellular influx in both the lung tissue and in BALF ( Figure 2 , B and C). There was a significant decrease in the cellular influx in BALF in Pla2g10 -/-mice ( Figure 2B ), while the difference in cellularity in the lung tissue did not reach statistical significance ( Figure  2C ). Our inhaled HDM model also markedly increased AHR in C57BL6 mice, as evidenced by a marked increase in lung resistance (R) and, to a lesser degree, lung elastance (E) in response to increasing doses of inhaled methacholine (MCh). Mice lacking Pla2g10 exhibited markedly lower levels of AHR measured by R following sensitization and challenge to HDM (Figure 2D ). The increase in E seen in WT mice was also significantly attenuated in Pla2g10 -/-mice ( Figure 2E ). Histological evaluation of lung tissue revealed HDM-induced tissue inflammation and leukocyte influx in WT mice that was diminished in Pla2g10 -/-mice ( Figure 3, A-D) . To quantify differences in tissue inflammation, we enumerated leukocyte subsets in BALF and lung tissue lysates by multicolor flow cytometry. In the BALF, the increase in eosinophils and T cells following HDM exposure was markedly reduced in mice lacking Pla2g10 ( Figure 3E ). Similarly, lung tissue lysates collected after removal of airway cells by BAL had reductions in lung tissue eosinophils and T cells in Pla2g10 -/-mice ( Figure 3F ). There was also a modest increase in neutrophils in HDM-treated mice that was not altered by lack of Pla2g10 in either compartment (Supplemental Figure 2) . Collectively, these data indicate that Pla2g10 regulates the development of cellular inflammation and AHR following airway exposure to the proteolytic allergen, HDM.
Pla2g10 deficiency alters eosinophil trafficking to the peribronchial space. Because eosinophils in close proximity to the airways play a pathogenic role in the development of airway dysfunction in murine models (23) (24) (25) (26) , we used image analysis on tissue sections immunostained for the eosinophil granule protein major basic protein (MBP). We have previously demonstrated that human sPLA 2 -X activates CysLT formation in human eosinophils (6) and that endogenous sPLA 2 -X in eosinophils regulates CysLT formation (7). Immunostaining for MBP was sparse in saline-exposed WT and Pla2g10 -/-mice ( Figure 4 , A and C), but following HDM exposure, eosinophils were observed in the peribronchial space; further, the density of eosinophils surrounding the airways was substantially attenuated in Pla2g10 -/-mice ( Figure  4 , B and D). To quantify these findings, we used segmentation analysis using an automated analysis of the number of MBP-positive cells, as well as the total MBP immunostaining in the peribronchial region of interest, to determine the effect of the Pla2g10 deletion on eosinophil trafficking to this region. The HDM-induced increase in the number of peribronchial eosinophils ( Figure 4E ) and the percentage of MBP-positive staining surrounding the airways ( Figure 4F ) was significantly decreased in Pla2g10 -/-mice compared with WT mice. To further corroborate the functional significance of these findings, we measured MBP protein in the BALF by Western blot, demonstrating substantially less MBP released into the BALF of Pla2g10 -/-mice ( Figure 4G ; see complete unedited blots in the supplemental material). These data indicate that sPLA 2 -X plays a key in vivo role in the trafficking of eosinophils to the airways and the activation state of these cells.
Pla2g10 -/-mice have decreased mucus metaplasia and mucus plugging. To further ascertain the basis for the marked reduction in AHR in mice lacking Pla2g10, we assessed differences in mucus cell hyperplasia and mucus plugging. Recent work has revealed that airway closure and mucus-plugging play a critical role in the pathophysiology of AHR and that the major gel forming mucin, MUC5AC, is essential for AHR (27, 28) . Since MCh challenge results in epithelial mucus release (29) and subsequent lavage can potentially remove secreted mucus, we characterized a separate set of mice that did not undergo either MCh challenge or BAL, and we fixed the lung in a manner to examine mucus plugging (27) . We found ongoing mucus plugging in the airways of HDM-exposed WT mice ( Figure 5A ). Quantification of mucus-occluded airways using image analysis revealed a significant decrease in mucus plugging in HDM-exposed Pla2g10 -/-mice compared with HDM-exposed WT mice ( Figure  5B ). Further assessment of epithelial periodic acid Schiff (PAS) staining using image analysis showed significantly elevated mucus content in the epithelium of HDM-exposed WT mice compared with HDM-exposed Pla2g10 -/-mice ( Figure 5C ). These data suggest that HDM-induced mucus production and secretion are regulated in part by sPLA 2 -X, and this alteration in mucus formation may influence the development of AHR.
Lack of Pla2g10 decreases the type-2 immune response to inhaled HDM. A prior study using Th2 biased model of prolonged exposure to OVA following sensitization in the presence of the exogenous adjuvant alum demonstrated that Pla2g10 -/-mice produce significantly less IL-4, IL-5, and IL-13 in the BALF following sensitization and challenge, although the generation of these cytokines by T cells was not altered (10) . In our HDM model, the levels of type-2 cytokines were near the level of detection in BALF and were similar in WT and Pla2g10 -/-mice (data not shown). To further assess the function of Pla2g10 in the immune response to HDM, we isolated leukocytes from lung tissue and assessed the production of cytokines following 24 hours of cell culture in the presence or absence of allergen. Leukocytes isolated from HDM-sensitized WT lungs displayed a marked increase in type-2 cytokines, including IL-4, IL-5, and IL-13, following HDM stimulation. In this assay, there was a trend toward less IL-4 and IL-5, as well as a significant reduction in IL-13 production by HDM-stimulated leukocytes from HDM-sensitized Pla2g10 -/-mice relative to WT mice ( Figure 6 , A-C). There was also a trend toward less IL-6 production by leukocytes from Pla2g10 -/-mice ( Figure 6D ). We also examined the production of cytokines by splenocytes placed in culture and stimulated with HDM, and we did not observe any alterations in the production of these cytokines in the Pla2g10 -/-mice (data not shown), suggesting that the primary effect of Pla2g10 is in the lung in response to an inhaled allergen.
Analysis of the BALF from WT and Pla2g10 -/-mice was also performed to determine alterations in CysLT formation in the airways. In cellular systems, sPLA 2 -X regulates the formation of CysLTs, which are important regulators of antigen sensitization (11, 12, 30) and mucus secretion (31) (32) (33) . We found that exposure to HDM led to abundant CysLT production in the airways of WT mice, a response that was abolished in Pla2g10 -/-mice ( Figure 6E ). We also observed that HDM exposure resulted in elevated Prostaglandin D 2 (PGD 2 ) levels in the airways of WT mice, but PGD 2 did not increase above baseline in Pla2g10 -/-mice (Supplemental Figure 3 ). Since we have demonstrated that sPLA 2 -X is increased in response to HDM, and a similar PLA 2 derived from bee venom induces the release of IL-33 from structural cells (21), we measured Il33 mRNA in lung tissue and levels of IL-33 in BALF following sensitization and challenge to HDM. We found that, although Il33 expression was not different between WT and Pla2g10 -/-mice exposed to HDM (Supplemental Figure 4) , IL-33 protein levels were elevated in the BALF of WT mice exposed to HDM, while the release of IL-33 into the airways in Pla2g10 -/-mice was significantly attenuated ( Figure 6F ). Together, these data show that the absence of sPLA 2 -X alters the cellular immune response to inhaled allergen, leading to a reduction in leukocyte-derived IL-13, marked reduction in CysLTs and PGD 2 , and reduced levels of the key epithelial cytokine IL-33. 
Pla2g10 -/-mice have reduced number of ILC2s in the lung. Given that airway epithelial cells produce abundant sPLA 2 -X and Pla2g10
-/-mice have diminished type-2 cytokine production in response to OVA (10) and HDM ( Figure 6 ), we hypothesized that lack of sPLA 2 -X hinders the ability of these mice to mount an effective innate type-2 immune response to allergen. To address this, we examined the expression the IL-33 receptor (ST2), CD127 (IL-7Rα), and Sca1 on lineage-negative lung leukocytes within the lymphocyte gate (Supplemental Figure 5 ). The total number of lineage-negative leukocytes (Lin -CD45 + ) was increased in response to HDM and was reduced in the lungs of Pla2g10 -/-mice (data not shown). We found significantly fewer Lin -CD45 + ST2 + cells ( Figure 7A ) and Lin -CD45 + ST2 + C- 
CD45
+ ST2 + CD127 + Sca1 + cells in Pla2g10 -/-mice following HDM exposure, these differences did not reach statistical significance ( Figure 7C ). These data indicate that sPLA 2 -X serves as an endogenous regulator of ST2 + lung ILC2s in the context of inhaled allergen. Lack of Pla2g10 alters the type-2 polarization of mast cells. Although ILC2s are critical IL-33-responsive cells in the lung that serve as a major source of IL-13 (15, 34, 35) , mast cells also bear the ST2 receptor for IL-33 and serve as a source of IL-13 in the lung (36) . Using image analysis, we found that HDM sensitization and challenge led to a marked increase in the number of mast cells in the lung ( Figure  8A ), but there was no apparent alteration in the number of mast cells in the lung in Pla2g10 -/-mice. We examined the activation of BMMCs by IL-33 relative to other relevant stimuli -including IL-25, Figure 5 . Epithelial mucus production in HDM-exposed Pla2g10 -/-mice is dampened compared with WT mice. (A) Representative images of PAS staining from a WT mouse exposed to saline or HDM. Original magnification, 20x; scale bar: 50 μm. (B) Percentage of occluded airways in saline-and HDM-exposed mice, quantified based on the extent of PAS-positive staining in the airway lumen (n = 3/group for Sal and 4/group for HDM). Mean ± SEM, 2-way ANOVA with uncorrected Fisher's LSD. (C) Individual airways were assessed to determine the ratio of epithelial area that stained positive for PAS to the total epithelial area as determined by Visiopharm analysis in HDM-exposed WT and Pla2g10 -/-mice (-/-, Pla2g10 -/-; n = 122 airways for WT and 149 airways for -/-). Mean ± SEM, unpaired t test. thymic stromal lymphopoietin (TSLP), IL-13, and HDM -revealing that IL-33 plays a unique role in the induction of IL-13 expression in BMMCs (Figure 8 , B and C; see complete unedited blots in the supplemental material). We examined the effects in BMMCs derived from WT and Pla2g10 -/-mice and found that the IL-33-induced increase in IL-13 in BMMCs was markedly attenuated in cells derived from Pla2g10 -/-mice relative to WT mice ( Figure 8C ). Since it has been controversial whether mast cells have endogenous sPLA 2 -X, we conducted Western blots of WT and Pla2g10 -/-lungs, revealing a clear band for sPLA 2 -X in the WT cells, while there was an absence of this band in the Pla2g10 -/-mice (Figure 8C, inset) . These results reveal that IL-33 plays a unique role in mast cell activation toward a type-2 phenotype and that sPLA 2 -X plays an essential role in the response to exogenous IL-33 in mast cells.
Lack of Pla2g10 alters macrophage recruitment and phenotype following inhaled allergen. Because lung macrophages with an alternatively activated or M2 phenotype are implicated in both human asthma and murine models of asthma, we initially assessed the polarization of macrophages in the lung using well-established and potentially novel markers of M2 polarization (37, 38) . We found that WT HDM-exposed mice had an increase in the concentration of macrophages in the lung and an increase in the percentage of these cells with positive surface staining for the M2 markers CD71/TfR (transferrin receptor) and CD206/MR (mannose receptor), while the percentage of macrophages bearing these markers was significantly attenuated in HDM-exposed Pla2g10 -/-mice (Supplemental Figure 6 , A-C). As recent studies have revealed that recruited macrophages are pathogenic, while resident macrophages have a protective role (39-41), we assessed the impact of Pla2g10 status on these populations and further ascertained the polarization of these subpopulations using mean fluorescent intensity (MFI). We found that HDM exposure did not alter the number of lung-resident macrophages ( Figure 9A ) but significantly increased the number of recruited macrophages to the lung ( Figure 9D) ; further, we found that Pla2g10 -/-mice had fewer recruited macrophages after HDM exposure ( Figure 9D ). Immunophenotyping of these subpopulations in the lung revealed that the surface expression of the M2 markers CD206/MR and CD71/ TfR was higher in both resident and recruited populations after HDM exposure and that Pla2g10 -/-mice had less surface expression of these M2 markers in both the resident and recruited macrophage populations ( Figure 9 , B, C, E, and F). We also assessed the M1 marker ICAM-1 and found a slight decrease in the immunostaining for ICAM-1 in resident macrophages from the Pla2g10 -/-mice, while there was no difference in ICAM-1 staining in recruited macrophages from WT and Pla2g10 -/-mice (data not shown). Although recruited and resident macrophages are classically described in the interstitial space of the lung, we assessed these populations in the BALF using a slightly different set of surface markers to identify CD11c + SiglecF + MHCII low resident macrophages, and CD11c -SiglecF -MHCII high recruited monocyte-derived macrophages. We found that at baseline, there were fewer resident macrophages in BALF in the Pla2g10 -/-mice and that there was a marked increase in recruited macrophages in the BALF after HDM exposure that was markedly attenuated in the Pla2g10 -/-mice (Supplemental Figure 6 , D and E). Finally, we isolated lung macrophages after in vivo HDM sensitization and challenge from mouse lung by adherence to plastic, and we stimulated these cells with HDM in vitro for 24 hours. We identified measurable quantities of IFN-γ, IL-10, IL-12p70, IL-1β, IL-5, IL-6, KC, and TNF-α in the supernatant from these cells; the levels of IL-5 and IL-6 in the supernatant tended to be lower in the Pla2g10 -/-but did not reach statistical significance (Supplemental Figure 7, A and B) . To extend our findings to human disease, we generated monocyte-derived macrophages from the peripheral blood of healthy adults and stimulated these cells with either HDM or recombinant human sPLA 2 -X (hsPLA 2 -X) protein. In response to HDM, human macrophages produced a small amount of IL-6, which was augmented with the addition of hsP-LA 2 -X (Supplemental Figure 7C) . As macrophages prominently express leukotriene B 4 (LTB 4 ) synthase and subsequently produce LTB 4 , we examined the generation of this eicosanoid in response to HDM and found that, while both HDM and hsPLA 2 -X led to the generation of LTB 4 , these effects were not additive (Supplemental Figure 7D) . Taken together, these data show for the first time to our knowledge that Pla2g10 plays a key role in the recruitment, polarization, and activation of macrophages in the lung in a manner that is relevant to the development of allergic airways disease.
Lack of Pla2g10 impairs the adaptive immune response to HDM. In the prior OVA/alum study, Pla2g10 deletion had only a modest effect on OVA-specific IgE, and although there were fewer T helper cells, the activation state of T cells was not altered (10) . Recent work has revealed that allergen-specific IgG plays a key role in type-2 biased immune responses (42) . To clarify the role of Pla2g10 in the adaptive immune response to proteolytic allergen, we measured total IgE and found that the amount of total IgE was significantly reduced in the Pla2g10 -/-mice following HDM exposure ( Figure 10A ). We found that there was a marked increase in DerP1-specific IgG following HDM exposure in our model that was markedly attenuated in Pla2g10 -/-mice ( Figure 10B ). We were unable to accurately characterize the DerP1-specific IgE in this model because of competition on the assay from the high quantities of DerP1-specific IgG that could not be adequately depleted to ascertain clear results for DerP1-specific IgE. In summary, our data reveal that Pla2g10 plays key roles in both the innate and adaptive immune response to HDM. -/-mice were similar after saline and HDM challenge. The surface expression of (B) CD206/MR and (C) CD71/TfR on these resident macrophages was assessed to measure the extent of M2 polarization. (D) HDM-induced recruited macrophages in lung tissue were also evaluated by multicolor flow. In this recruited macrophage population, the surface expression of (E) CD206/MR and (F) CD71/TfR was also evaluated to determine M2 polarization. n = 4-5 mice/group. Mean ± SEM, 2-way ANOVA with uncorrected Fisher's LSD.
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Discussion
The present study is the first to demonstrate a central function of sPLA 2 -X/Pla2g10 as a regulator of both the innate and adaptive arms of the immune response to an inhaled allergen, HDM, that plays a key role in human asthma. These finding add to an emerging body of knowledge indicating that the innate and adaptive immune responses are tightly linked. Further, our findings are clinically relevant, as we have previously identified sPLA 2 -X as a target in human airways and further demonstrate here that the enzyme is released in response to inhaled allergen challenge in humans. A previous study with Pla2g10 -/-mice in the T cell-dependent model of peritoneal sensitization to OVA in the presence of the adjuvant alum found that mice lacking functional sPLA 2 -X were protected from developing allergic lung inflammation and displayed a blunted Th2 response -findings that were attributed mainly to the failure of mature T cell trafficking to the lung, as effects on the adaptive immune response and T cell activation were less certain (10) . A further study that utilized a human PLA2G10 transgenic mouse showed that OVA-induced lung inflammation could be attenuated with a specific inhibitor of human sPLA 2 -X (43), suggesting that sPLA 2 -X could be a viable pharmacological target. However, recent studies using human allergens such as HDM that contain endogenous adjuvants and are not entirely T cell dependent more closely recapitulate the findings in human asthma and involve key functions for innate immune cells including ILC2s, recruited macrophages, and mast cells. The interplay between these innate immune cells that serve as important sources of IL-13 and the adaptive immune response providing the antigen-specific nature of the disease remain incompletely defined. We used an inhaled allergen model with HDM to demonstrate that mice lacking Pla2g10 have less IL-33, CysLTs, and PGD 2 in the airways and reduced numbers of ILC2s and recruited macrophages in the lung, and that macrophages from KO mice have less M2 polarization. We found that lung leukocytes from Pla2g10-deficient mice generate less IL-13 in response to antigen restimulation and that Pla2g10-deficient murine mast cells generate less IL-13 following IL-33 stimulation. These alterations in the innate immune response were accompanied by a reduction in the antigen-specific immune response to HDM and reduction in eosinophil and T cell trafficking to the airways, mucus plugging, and AHR, providing evidence of a central role of sPLA 2 -X in both the innate and adaptive immune response to inhaled allergen and the pathophysiology of airway dysfunction in asthma.
Type-2 inflammation is a hallmark feature of allergic asthma and is generally associated with elevated eosinophils, Th2 polarized CD4 + T cells, and production of type-2 cytokines IL-4, IL-5, and IL-13. Our data revealed robust increases in IL-4, IL-5, and IL-13 in lung leukocytes restimulated with HDM; however, the major effect of the lack of Pla2g10 was on the antigen-stimulated IL-13 levels, while there were lesser effects on IL-4 and IL-5 ( Figure 6 ). These effects are in contrast with the OVA/alum model, where production of all 3 cytokines was dampened in Pla2g10 -/-mice (10). In proteolytic allergen models, such as HDM, innate immune cells, particularly ILC2s, serve as a greater source of IL-13 than T cells (15) . Other cells, including alternatively activated macrophages (44) and mast cells (36) , also serve as key sources of IL-13. We demonstrate that the global lack of Pla2g10 alters the number of ILC2s and recruited macrophages to the lung; we also reveal that mast cells stimulated by IL-33 have a marked increase in IL-13 transcription and that lack of Pla2g10 in these cells leads to a loss of IL-33-induced IL-13 message. These findings suggest that in the lung, endogenous sPLA 2 -X serves as a central regulator of the innate immune response to inhaled antigen, and that these alterations in innate cell trafficking and proliferation lead to altered airway physiology at least in part through the inhibition of IL-13 production in the lung.
The reduced numbers of ILC2s in the lung that we identified in the present paper is consistent with the findings in the periphery that bvPLA 2 induces a subsequent T cell response to antigen in a process that involves the release of IL-33 and the generation of ILC2s (21) . We extend these findings to the lung, where Figure 10 . Pla2g10 -/-mice display an impaired adaptive immune response to HDM. The serum levels of (A) total IgE and (B) DerP1-specific IgG were assessed by ELISA (n = 3-5 mice/group for Sal and 7-10 mice/group for HDM). A.U., arbitrary units. Mean ± SEM, 2-way ANOVA with uncorrected Fisher's LSD.
we found reduced levels of IL-33 protein in BALF in the absence of changes in Il33 gene expression, as well as reduced numbers of ILC2s. Importantly, we demonstrate here that an endogenous sPLA 2 in the lung functions in this manner in response to inhaled allergen. Recent murine models of allergic asthma have revealed the that ILC2s are critical in initiating or augmenting production of type 2-associated cytokines IL-5 and IL-13 independently of antigenic memory (15, 34, 35, 45) . In the periphery, it was found that the antigen-specific immune response was dependent upon the IL-33-mediated generation of ILC2s, and we reveal here that the lack of sPLA 2 -X during the response to inhaled antigen inhibits the generation of DerP1-specific IgG and total IgE. These findings further reinforce the connection between the innate and adaptive arms of the immune response to an inhaled allergen.
In addition to IL-33, which is clearly implicated in the sPLA 2 -X regulation of ILCs, it is also known that ILC2s express receptors for several lipid mediators that are known to be regulated by this enzyme, including PGD 2 (46) (47) (48) , CysLTs (49) , and lipoxin A 4 (50) , which act to control activation and recruitment of ILC2s. We found a marked reduction in the generation of CysLTs and PGD 2 in the airways of Pla2g10-deficient mice, which is particularly important as both IL-33 and the proximal CysLTs LTC 4 and LTD 4 provide important and nonredundant signals for ILC2 activation (51) . These findings indicate that sPLA 2 -X serves as a central regulator of ILC2s in the lung, a finding that has substantial clinical relevance, given the recent evidence that ILC2s play an active role in the lungs of asthmatics (52) (53) (54) (55) (56) .
We carefully assessed the morphological distribution of eosinophils in the airways using MBP immunostaining and semiautomated image analysis, and we verified alterations in eosinophil trafficking by multicolor flow cytometry. We clearly demonstrate that the lack of Pla2g10 in this model results in a decrease in trafficking of eosinophils to the lung, particularly a reduction in eosinophils residing in the peribronchial space. Of interest is the relatively modest effect of Pla2g10 deficiency on the allergen-induced production of IL-5 by lung leukocytes, suggesting that alterations in other chemotactic signals for eosinophils are affected by the lack of Pla2g10. The marked decrease in CysLTs may be responsible for these effects as eosinophils express the CysLT1 receptor for LTD 4 (57, 58) , which mediates eosinophil chemotaxis; further, inhalation of the terminal CysLT LTE 4 leads to airway eosinophilia in human subjects (59, 60) . Another potential chemotactic signal for eosinophils is PGD 2 (61, 62) , which was also reduced in the BALF of Pla2g10 -/-animals. Since we have previously demonstrated that the sPLA 2 -X enzyme is increased in the airways of individuals with asthma (1, 2) and is increased with allergen challenge in humans and in mice, the homeostatic function of the enzyme should be considered, as lipid mediators have both pro-and antiinflammatory effects and the hydrolysis of membranes can directly lead to cell cytotoxicity. For example, other sPLA 2 s such as sPLA 2 -IIA, which we have also found to be elevated in the airways of asthmatics (3), have high activity against gram-positive bacteria due in part to its high net-positive charge, allowing for penetration of the bacterial cell wall (63, 64) . Although many of the sPLA 2 s have antibacterial properties, sPLA 2 -X is relatively unique because it acts strongly on the outer cell membrane of mammalian cells (65) and is generally thought to have less of a role on direct bacterial cytotoxicity (66) . Our data indicate that sPLA 2 -X influences the innate immune responses through activation of macrophages and polarization of both resident and newly recruited macrophages toward an M2 phenotype expressing the transferrin (CD71) and mannose (CD206) receptors. Although M2-polarized macrophages function during the resolution phase of inflammation (37) , studies implicate a pathogenic role for M2 macrophages in asthma (67) . Prior studies have also demonstrated that sPLA 2 -V is necessary for the development of allergic inflammation in the HDM (68) and OVA/alum (69) models of allergic airways disease, and that while sPLA 2 -V is involved in maturation and antigen processing in DCs (68), macrophages expressing sPLA 2 -V are sufficient to transfer antigen sensitization mice (20) . Studies in human macrophages support a role for sPLA 2 -V in phagocytosis and antigen processing (70) . Given our findings of a marked alteration in the adaptive immune response to inhaled allergen, it will be important in future studies to clarify the respective roles of these sPLA 2 s in macrophage function.
Further evidence that lipid mediators regulate the polarization of macrophages comes from a recent report indicating that, in contrast to the loss of Pla2g10 or Pla2g5, peritoneal macrophages isolated from mice lacking iPLA 2 β (Pla2g6a) are more readily skewed toward an M2-like phenotype (71) . A notable finding in our study was that the lack of Pla2g10 markedly altered the number of recruited macrophages to the lung -a significant finding, given recent studies that have demonstrated that recruited macrophages are central to the promotion of allergic inflammation (39, 72) , while resident macrophages, which were not altered by the loss of Pla2g10, tend to suppress allergic inflammation (73, 74) . Since our group and others have clearly demonstrated that human and murine macrophages express PLA2G10/Pla2g10 (1, 75, 76) , fur-ther work will be needed to ascertain whether these functions are due to the loss of sPLA 2 -X within macrophages or to the lack of macrophage activation by sPLA 2 -X. In the present study, we found that stimulation of naive human monocyte-derived macrophages with HDM and hsPLA 2 -X caused an additive effect on IL-6 secretion, while the effects on the eicosanoid LTB 4 were not additive. Because HDM is a complex mixture that contains c-type lectins, PAMPs, and DAMPs, as well as endogenous PLA 2 activity (77), the results reveal both the importance of sPLA 2 s in macrophage activation and the complex interaction with heterogeneous allergens such as HDM.
Our results also raise important questions about the cell-specific function of sPLA 2 -X that cannot be fully addressed using mice with a global deletion of Pla2g10. Cell-specific deletion of Pla2g10 in epithelial cells and myeloid cells will be helpful to ascertain potential beneficial and deleterious effects of the loss of sPLA 2 -X function to fully appreciate the potential of this pathway as a therapeutic target in humans. Further potential for therapeutic targeting of sPLA 2 -X can be ascertained using our small-molecule inhibitor of human sPLA 2 -X, which can be utilized in our transgenic mouse model with the insertion of human PLA2G10 in place of murine Pla2g10 (43) . Finally, it will be important to further tease out effects of sPLA 2 -X and other sPLA 2 s that, in addition to their enzymatic activity, bind to a C-type lectin receptor that is a paralog of the mannose receptor; we recently demonstrated that this receptor is overexpressed in the epithelium in human asthma and that the loss of this receptor increases AHR in the OVA/alum model (9) .
In summary, we have demonstrated that sPLA 2 -X is increased in the airways, in response to inhaled allergen, in both humans and mice and that the sPLA 2 -X enzyme in mice plays a critical function in both the innate and adaptive immune response to inhaled allergen and airway dysfunction.
Methods

HDM-induced allergic airway disease. We used mice with global deficiency of Pla2g10 (Pla2g10
-/-) that were described previously (10) and maintained on a C57BL/6 background. WT and Pla2g10 -/-mice were bred and maintained under specific pathogen-free conditions at the University of Washington and had ad libitum access to food and water. Female mice between 6 and 8 weeks old were used in all experiments to reduce heterogeneity. To induce allergic airway disease, mice were administered HDM extract (catalog RMB84M, 275533; Greer Laboratories) containing 100 μg on day 1 by oropharyngeal (o.p.) aspiration followed by 25 μg HDM extract by o.p. aspiration on days 8-12 and 15-19. Saline was administered as a control for each experiment. On day 20, mice were intubated via tracheotomy and subsequently ventilated at 200 breaths/minute using a flexiVent ventilator (SCIREQ Inc.). Following increasing doses of inhaled MCh (0, 6.25, 12.5, 25, and 50 mg), lung function was assessed and dynamic R and E were calculated using the single frequency forced oscillation technique (78) .
Assessment of airway inflammation. Postmortem lungs were lavaged via tracheal cannula with ice-cold PBS, and total BALF cell counts were determined using a Cellometer Auto 2000 (Nexcelom Bioscience). BALF was spun down, and cells were aliquoted for cell differential analysis via flow cytometry and the supernatant stored at -80°C with 1× protease inhibitor cocktail.
The left lung was minced in warmed digestion solution (RPMI [Corning Inc.] 1640 with 5% FCS [Gibco Laboratories], 0.5 mg/ml Liberase TL [Roche], and 40 U/ml DNase I [Sigma]). Digestion was stopped with cold HBSS containing 10 mM EDTA, and the digested tissue was pushed through a 40-μm cell strainer and washed several times with wash buffer (RPMI 1640 with 5% FCS). RBC were removed using ACK RBC lysis buffer (eBioscience). Lung digest was resuspended in wash buffer, and an aliquot was removed for cell count and viability using the Cellometer Auto 2000. Cells were centrifuged and resuspended in MACS buffer (HBSS without Ca and Mg, 2 mM EDTA and 0.5% BSA) containing CD45 MACS microbeads (Miltenyi Biotec). CD45 + lung leukocytes were isolated using a Miltenyi LS column and magnetic separator. Multicolor flow cytometry for cell differentials. Single cell suspensions from lung leukocytes and BALF cells were stained for cell differentials using a cocktail of the following antibodies: CD11c (N418, eBioscience), Siglec-F (E50-2440, BD Bioscience), Ly-6G (RB6-8C5, eBioscience), CD45 (30-F11, BioLegend), CD3e (145-2C11, eBioscience), and MHCII (M5/114.15.2, BD Biosciences). Cells were blocked using Fc block (BD Biosciences) and incubated with the primary antibody cocktail for 30 minutes at 4°C in the dark. Cells were washed and resuspended in PBS containing eFluor 450 fixable viability dye (eBioscience) and incubated for 15 minutes at 4°C in the dark. Cells were then fixed using 4% paraformaldehyde and stored at 4°C in MACS buffer until analyzed via flow cytometry. Cells were analyzed using a FACS LSR II flow cytometer (Becton Dickinson), and gating was performed using FlowJo software (TreeStar). Single stained controls of lung leukocytes were used to set voltages and for color compensation, and leukocyte populations were determined as previously reported (9) . Briefly, our gating strategy consisted of first selecting singlets using forward scatter width and area, followed by selection of viable cells using the fixable viability dye. Leukocytes were then identified using side scatter and CD45. 
SiglecF
-monocyte-derived macrophages (recruited macrophages) were identified. A population of MHCII-variable cells that expressed CD11c and SiglecF was also identified, consistent with resident macrophages. A similar gating strategy was used to identify leukocyte subsets in the BALF.
Multicolor flow cytometry for macrophage populations. Single cell suspensions from whole lung digests were stained for the detection of macrophage populations using the following antibodies: CD11b (M1/70, BioLegend), CD11c (N418, BioLegend), Ly6G (1A8, BioLegend), CD45 (30-F11, BioLegend), CD71/TfR (R17217, BioLegend), SiglecF (E50-2440, BD Bioscience), and CD206/MR (C068C2, BioLegend). Cells were blocked using Fc Block (BD Biosciences) and incubated with the primary antibody cocktail for 1 hour at 4°C in the dark. Cells were washed and fixed in 5% formalin and stored at 4°C in MACS buffer until analyzed via flow cytometry. Cells were analyzed using a FACSCanto RUO system (BD Biosciences), and data were analyzed using FlowJo software. For gating, CD45 + leukocytes were selected and Ly6G + PMNs were excluded. From the CD45 + fraction, alveolar macrophages were identified as CD11c Cells were blocked using Fc block (BD Biosciences) and incubated with the primary antibody cocktail for 30 minutes at 4°C in the dark. Cells were fixed in 4% paraformaldehyde for 5 minutes at room temperature and stored at 4°C in MACS buffer until analyzed via flow cytometry. Cells were analyzed using a FACS LSR II flow cytometer, and gating was performed using FlowJo software. Our gating strategy for ILC2s consisted of selecting singlets using forward scatter width and area, followed by selection of cells that were lineage negative (Lin . Single stained controls of lung leukocytes were used to set voltages and for color compensation and leukocyte populations. Fluorescence minus one (FMO) controls were prepared by omitting CD127, Sca-1, or T1/ST2 antibodies to allow for proper compensation.
Quantitative morphometry of peribronchial eosinophils. For H&E and eosinophil staining, the right lung was inflated to 20 cm H 2 O pressure, fixed with 4% paraformaldehyde, and embedded in paraffin. Paraffin-embedded lung tissue was cut into 4-μm thick sections and transferred to glass slides for histopathology analysis. For detection of eosinophils, slides were deparaffinized, treated with pepsin (Invitrogen), and blocked with peroxidase. Slides were then blocked using 10% normal goat serum and incubated with rat anti-MBP antibody, provided by James J. Lee (Mayo Clinic, Phoenix, Arizona, USA). MBP staining was visualized using a rabbit anti-rat detection antibody by the DAB method. Stained lung sections were digitalized using a Hamamatsu Nanozoomer whole slide imager, and quantification of MBP immunostaining in the lung was performed using Visiopharm software. To quantify peribronchial eosinophils, we first outlined the submucosal space surrounding the airways to define the peribronchial area. Within this defined area, we then utilized the Visiopharm software to quantify the number of eosinophils using segmentation and total MBP immunostaining using deconvolution.
Image analysis of mucus plugging. Lung tissue was fixed using an adapted protocol that utilizes methyl Carnoy's fixative (methacarn) (27) . Animals were subjected to the full HDM protocol outlined above; on the final day, animals were euthanized, and the right lung was removed and immediately placed in methacarn. Prior to euthanization, mice were not subjected to MCh challenge, allowing for measurement of baseline epithelial mucus production following HDM exposure and prior to measurements of AHR. Tissues were embedded and prepared as described in the histological analysis section. For analysis of mucus plugging, raw counts of airways were performed and quantified based on the presence or absence of PAS + staining in the airway lumen. From the raw values, the percentage of occluded airways was determined based on the number of occluded airways versus the total number of airways counted. We quantified the amount of PAS staining in the epithelium relative to the area of the epithelium.
Restimulation of cultured lung leukocytes. For HDM restimulation of isolated lung leukocytes, 2 × 10 5 cells were plated in each well of a 96-well tissue culture plate. Cells were simulated with 100 μg/ml HDM or with saline as a control. Following stimulation for 24 hours, the cell culture supernatant was isolated and stored at -80°C with 1× protease inhibitor cocktail (Pierce). Cell culture supernatant was later analyzed for cytokine levels via ELISA.
Generation of mast cells from BM. BM-derived mast cells (BMMCs) were isolated and expanded as described previously (79) . Briefly, the femurs of WT and Pla2g10 -/-mice were removed, the epiphyses were cut off, and the marrow was extracted via centrifugation. Cytokine analysis by ELISA. Murine IL-33 protein content from BALF, lung tissue lysates, and cell culture supernatants was determined by ELISA per manufacturer's instructions (R&D) and analyzed on a Biotek EL800 platereader. Detection of other murine cytokines (IL-4, IL-5, IL-13, IL-6) was performed using the Mouse V-PLEX Proinflammatory Panel 1 assay and the Mouse IL-13 Ultrasensitive assay per manufacturer's instructions (Meso Scale Diagnostics), and plates were analyzed using a Sector S 600 plate reader.
Measurement of eicosanoids. CysLT were measured using a CysLT ELISA kit per manufacturer's instructions (Cayman Chemical). Briefly, fresh BALF supernatant was combined with 2 volumes of ice-cold methanol containing 0.2% formic acid and incubated on ice for 5 minutes. Samples were centrifuged at 4,000 g for 20 minutes at 4°C, and aliquots were added to 1.5-ml glass vials with Teflon septum-lined screw caps, overlaid with argon and stored at -80°C. CysLT ELISA was then performed following methanol evaporation. PGD 2 was assayed in a separate set of samples using the PGD 2 -MOX ELISA kit per manufacturer's instructions (Cayman Chemical).
Time-resolved fluorescence immunoassay of sPLA 2 -X. Induced sputum samples were obtained from a repository of samples collected at baseline and after whole lung allergen challenges in subjects with allergic asthma (80, 81) . Levels of sPLA 2 -X protein in induced sputum were determined by time-resolved fluorescence immunoassay (3), and recombinant human sPLA 2 -X was used to generate a linear standard curve (65) .
Confirmation of Pla2g10
-/-mice was performed using the time-resolved fluorescence immunoassay, and a standard curve was generated using recombinant murine sPLA 2 -X.
Quantitative PCR. Quantitative PCR (qPCR) was performed using TaqMan primer-probe sets on a Mastercycler ep Gradient S (Eppendorf) and quantified relative to an endogenous housekeeping gene using the ΔCt method. Primer-probe sets were obtained from Applied Biosystems using a FAM probe for Pla2g10 and Il13 and a primer-limited VIC probe for Hprt1 as the housekeeping gene.
Western blotting and densitometry. BALF was prepared for analysis under reducing and denaturing conditions and probed with antibodies against eosinophil MBP (From James J. Lee, Mayo Clinic, Phoenix, Arizona, USA) or sPLA 2 -X (82). For detection of MBP and sPLA 2 -X, an equal volume of BALF was loaded onto a NuPage Bis/Tris 4-12% gel. For detection of sPLA 2 -X in BMMC lysates, 20 μg protein per sample was loaded onto a NuPage Bis/Tris 4-12% gel. Proteins were transferred onto PVDF membrane, blocked in 5% milk, and probed with an anti-MBP antibody (1:1,000) or anti-sPLA 2 -X antibody (1:1,000) overnight at 4°C with constant shaking. BMMC lysates were probed with a monoclonal antibody for sPLA 2 -X (1:1,000; clone EPR11202, Abcam). Membranes were then washed 3 times with TBST. For MBP, membranes were incubated in anti-rat HRP secondary antibody (1:10,000, Santa Cruz Biotechnology Inc.) in 5% milk for 1 hour. For sPLA 2 -X, membranes were incubated in anti-mouse HRP secondary antibody (1:10,000, Cell Signaling Technology) in 5% milk for 1 hour. Proteins were visualized using LumiGLO chemiluminescent substrate (Cell Signaling Technology), exposed to film, and developed using an automated film developer. Films were subjected to densitometric analysis using ImageJ (v1.47v, NIH, USA).
Statistics. Differences in levels of IL-33 in the BALF and sPLA 2 -X protein in murine tissue were analyzed using an unpaired 2-tailed Student's t test. Differences in Pla2g10 expression in murine lungs and sPLA 2 -X protein levels in BALF from WT mice assessed via Western blot and densitometric analysis were analyzed using the Mann-Whitney test. Induced sputum sPLA 2 -X levels were analyzed using the Friedman test with post hoc analysis using Dunn's multiple comparisons test. Differences in features of inflammation including cell differentials, densitometric analysis of MBP in WT vs. Pla2g10 -/-mice, cytokine production from restimulated leukocytes, mast cell gene expression, and immunoglobulin levels were assessed with a 2-way ANOVA with contrasts of allergen treatment and genotype. Differences in AHR to MCh were evaluated with a 2-way ANOVA test with contrasts between MCh dose and genotype. Post hoc analysis was performed at each dose after correction for multiple comparisons with Bonferroni's test. For all tests, a P value less than 0.05 was considered significant. Study approval. All animal studies were approved by the University of Washington IACUC. For human induced sputum samples, written informed consent was obtained from all participants, and the Hamilton Integrated Research Ethics Board approved the study.
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